management system for increasing cropland SOC storage, which can inform sustainable soil 52 management practices aimed at increasing global C sequestration. 53 54
Abstract: 28 Crop residue retention and minimum tillage (including no-tillage, NT, and reduced tillage, 29 RT) are common conservation tillage practices that have been extensively practised for 30 improving soil health and reducing the negative environmental impact caused by intensive 31 farming. However, the complex effect of conservation tillage practices on soil organic 32 carbon (SOC) storage has not been systematically analyzed, and particularly, the synergistic 33 effect of crop residue retention and minimum tillage on SOC storage remains nonexistent. 34 We conducted a global meta-analysis using a dataset consisting of 823 pairs of data points 35 from 164 studies. We analyzed the effect of crop residue retention and minimum tillage on 36 SOC storage and how the above effects were influenced by various soil/environmental (soil 37 sampling depth, soil texture, and climate) and management conditions (cropping intensity 38 and treatment duration). We found that either residue retention or minimum tillage alone 39 increased SOC stock, while the former increased SOC more. The NT and RT increased SOC 40 stock by 10 and 6%, respectively, in comparison to conventional tillage (CT). The NT plus 41 residue retention (NTS) and RT plus residue retention (RTS) resulted in 20 and 26% more 42 increase in SOC than NT and RT, respectively. Compared with CT, NTS and RTS further 43 increased SOC stock by 29 and 27%, respectively. The above effects were greater in the 44 topsoil than in the subsoil. Availability of initial soil nutrient played a greater role in affecting 45 SOC stock than climatic conditions and management practices. Both residue retention and 46 NT increased SOC rapidly in the first 6 years regardless of soil texture or climate condition, 47 followed by a period of slower sequestration phase before reaching a slow steady rate. 48 Double cropping generally increased SOC stock across all conservation tillage practices as 49 compared to single or multiple cropping. Therefore, we conclude that minimum tillage 50 coupled with residue retention in a double cropping system is the most beneficial 51 1. Introduction 57 Nearly 1.3% of the global land area is dedicated for crop production (FAO, 2015) , 58 while intensification of crop production has contributed a large amount of greenhouse gases 59 (such as carbon dioxide-CO2, nitrous oxide-N2O, and methane-CH4) to the atmosphere 60 (Strassmann et al., 2008) . It is well acknowledged that soil organic carbon (SOC) in croplands 61 is the core of soil fertility that ensures crop production and food security, but the loss of C 62 from cropland through land cultivation has fundamentally altered the global C cycle (Lal, 63 2004b; Smith et al., 2005) . The C loss is mainly caused by the post-harvest removal/loss of 64 crop residues and C distribution/decomposition processes from agricultural fields, such as 65 hay harvest or tillage (Lal, 2004a) . Since SOC sequestration is crucial for soil fertility and 66 climate change mitigation, alternative production practices have been adopted globally to 67 enhance soil C storage (Chenu et al., 2019; Lal, 2004b; Sauvadet et al., 2018) . 68 Conservation tillage practices, a term originally introduced by Wall (2006), 69 encompass three managerial components, i.e., minimum tillage (including no-tillage, NT, 70 and reduced tillage, RT) with or without crop residue retention. It has been estimated that a 71 SOC sequestration rate of 0.4-0.8 Pg C yr -1 can be achieved through the adoption of 72 conservation tillage practices across all cropping systems globally, which may account for 73 33-100% of total SOC sequestration potential in the world (Lal, 2004a) . Furthermore, 74 converting from conventional tillage (plough tillage, CT) to NT alone can potentially increase 75 SOC at a rate of 0.1-1 Mg C ha −1 yr −1 (Lal, 2004a ). In addition, NT can improve soil structural 76 stability, soil nutrient availability, and water holding capacity (Blanco-Canqui and Ruis, 2018; 77 Schmidt et al., 2018) , which eventually lead to greater crop productivity and SOC 78 sequestration. However, a global analysis in 2010 indicated that NT benefits SOC only in the 79 top 10 cm (Luo et al., 2010) . Furthermore, Follett et al. (2013) found no difference in SOC in 80 the 0-120 cm soil profile between NT and CT after 8 years in an irrigated corn (Zea mays) 81 field. Based on data from 62 studies, similar results were also observed in moist soils of 82 eastern Canada (VandenBygaart et al., 2003) . In addition, residue retention can directly 83 increase C input into the soil, as well as improve soil structure and nutrient availabilities, and 84 increase soil microbial population size (Johnson and Hoyt, 1999; Li et al., 2018) . The 85 increased cropping intensity can increase the production of both above-and belowground 86 biomass that can be later incorporated into the overall SOC pool (Luo et al., 2010) . However, 87 the increment of SOC stock in response to a combination of conservation tillage practices 
98
As mentioned earlier, it can be concluded that even though the agronomic and 99 ecological benefits associated with different conservation tillage practices have been widely 100 recognized, the combined effects of multiple conservation tillage practices have not been 101 quantitatively evaluated. This knowledge gap impedes our ability to implement site-specific 102 conservation tillage practices that can enhance SOC reserve and prevents researchers from 103 gaining a deeper understanding on the synergistic effects of different conservation tillage 104 practices and their combined effects as a whole in different agroecosystems. In this meta-105 analysis, we hypothesized that residue retention coupled with minimum tillage sequester 106 more SOC than residue retention or minimum tillage alone. Limited by data 107 availability/quality and the scope and complexity of statistical inferences, we primarily 108 focused on two aspects of the conservation tillage practices, residue retention and tillage 109 intensity, while cropping intensity was treated as an additional management factor. Our (Table S1) , N stock was not selected for subgroup meta-analysis 153 according to experimental and management factors. Additionally, the comparison of RTS vs. 154 RT, was excluded in subgroup meta-analysis due to insufficient data; only semi-humid, 155 humid, and perhumid climates were studied due to insufficient data from arid or semi-arid 156 regions. 
(1) 174 Where m represents the number of groups compared, k represents the number of 175 comparisons in the corresponding group, and wij represents the weighting factor (wiJ = 1/ vij). 176 The standard error of RR++ was calculated using Equation (2):
(2) 178 The 95% confidence interval (95% CI) was calculated by RR++ ± 1.96 × s(RR++). When the 95% 179 CI value of the response variable did not overlap with 0, the conservation tillage practice 180 effect on the variable was considered to be significantly different between the control and 181 the treatment groups (Gurevitch and Hedges, 2001) . Additionally, the percentage change 182 was calculated as RR++: (exp(RR++) -1) × 100%. 183 The meta-analysis was performed using the 'metafor' package (Viechtbauer, 2010) whether the remaining within-group heterogeneity (Qw) was significant (see Table S2 -S7). NT, and CT, respectively. While no difference was observed between NTS and RTS (p = 0.08). 212 The NTS and RTS significantly increased SOC stock by 29 and 17%, respectively, in 213 comparison with CT. Minimum tillage also significantly increased the soil N stock (Fig. 2b) . 214 Residue retention did not lead to a significant increase in soil N stock, with the exception of 215 NTS as compared with NT (p = 0.03). Additionally, the interaction between minimum tillage 216 and residue retention also did not affect soil N stock. cropping system, changes in SOC stock were significant for all treatments (Fig. 3b ). Under 224 multiple cropping intensity conditions, only NTS and NT increased SOC stock as compared 225 with NT and CT, respectively ( Fig. 3c, tillage practices significantly increased SOC stock as compared to CT when the study 233 duration was between 6 and 12 years, with the exception of NT (Fig. 4b) . In long-term (>12 234 years) studies, NT and RT significantly increased SOC stock as compared to CT (Fig. 4c) , and 235 the stock was significantly higher in NT than RT. However, CTS decreased SOC stock by 70% 236 as compared to CT (p = 0.04), and NTS significantly decreased SOC stock by 48% as 237 compared to NT in long-term studies. Changes in SOC stock were significant for all comparisons in the topsoil (Fig. 5a ). However, in 242 the subsoil, NTS led to a significant decrease in SOC stock relative to CT (Fig. 5b) . 243 For sandy soils, NT significantly increased SOC stock as compared to CT (Fig. S1a) , 244 and NTS also significantly increased SOC stock as compared to CT. Whatever the 245 conservation tillage practices, no significant increase was detected in loamy soils (Fig. S1b ). 246 For silty soils, RT, NT, RTS, and CTS significantly increased SOC stock relative to CT, but NTS 247 significantly decreased SOC stock as compared to NT and CT, respectively (Fig. S1c ). Only NT 248 had significant effects on increasing SOC stock as compared to CT in clayey soils (Fig. S1d ).
249
In semi-humid areas, no significant changes in SOC stocks were found for all 250 comparisons (Fig. 6a) . In most cases of humid areas, treatments increased SOC stock ( Since initial SOC and TN were tightly correlated (r 2 = 40, p<0.01), only the regression 265 analysis between initial SOC and C stock was shown and C stock was positively correlated 266 with initial SOC (r 2 = 0.23, p<0.01, Fig. 8 ), C stock was also positively correlated with initial 267 TN (r 2 = 0.19, p<0.01), and MAP (r 2 = 0.03, p=0.03, Fig. S2 ). Duration of minimum tillage practice also exhibited a strong influence on SOC stock. 298 Our study found that NT increased SOC rapidly in the first 6 years, followed by a period of 299 slower sequestration phase before reaching a slow steady rate. González-Sánchez et al. the minimum tillage duration, the further a soil is from the upper limit, thereby the greater 305 the potential for increasing SOC stocks. 306 In addition, more studies on soil N stock in responses to conservation tillage practices 307 are needed to draw a more robust conclusion, where the 95% CI for N stock was very large 308 due to insufficient data (Fig. 2b ). Additionally, soil N is more variable across different cropping 309 systems, and it is usually more sensitive than SOC to residue retention. Thus, the 95% CI for 310 N stock was very large when residue retention was involved. changing SOC stock 358 We found that climate conditions and management practices were not as important 359 as initial soil nutrient availabilities in changing SOC stock (Fig. 7) , consistent with some (Sauvadet et al., 2018) . In this study, the initial SOC stands out of other soil nutrient 390 conditions, this partly because the important role of initial SOC concentration for regulating 391 soil C formation and stability through direct and indirect effects on the turnover of 392 aboveground litter, root C inputs, aggregate stability, and microbial process . 393 Additionally, residue retention contributes more to SOC sequestration in coarse-394 textured than fine-textured soils (Wan et al., 2018) , which was supported by our finding (Fig.   395 S1a). Meanwhile, a 6 and 8 year conservation tillage field trials in South Africa found that 396 sandy soils were more influenced by the climate than clayey soils on SOC changes 397 (Swanepoel et al., 2018) . Also, decreased tillage intensity increased SOC stock in silty or 398 clayey soils (Fig. S1c, d meta-analysis showed that conservation tillage practices could generally increase SOC stock. 412 Specifically, a combination of minimum tillage and residue addition is more effective than 413 residue addition alone in increasing SOC stock, in turn, have higher efficiency than minimum 414 tillage alone. All these effects were more obvious in the topsoil. However, conservation 
